their responses are of importance in determining the over-all behavior of the system (7). Although the amplitude of the responses has been extensively studied in the past (2, 5, 8 ) and a number of workers have suggested that the vessels respond only slowly to sympathetic nervous activity (9, 14, 15), little attention has been paid to the frequency responses of the vascular beds and only incomplete studies of the dynamic responses of one bed, the splanchnic, have been reported (14). The purpose of this paper is to describe a series of investigations designed to define the dynamic response characteristics of the hindlirnb resistance vessels. This bed was chosen because it is composed mainly of skeletal muscle and because vascular isolation of this area is comparatively easy.
METHODS

General Considerations
In order to determine the transfer characteristics of a system component:
it is necessary to know the input and the corresponding output (7). In the case of the resistance vessels there are many inputs (11) and this investigation deals with one of these, the sympathetic vasoconstrictor nerve activity. The output studied was the change in resistance to blood flow, and in our preparation this was determined by the changes in perfusion pressure under conditions of constant flow. and heat exchanger at 37 C, the flow rate being set to maintain the mean hindlimb perfusion pressure at systemic level and this rate was not altered throughout the experiment. The pump had previously been tested for constancy of flow and found to maintain this within A5 % over an input pressure range of 20-200 mm Hg and an output range of O-300 mm Hg. The time constant of the pump and arterial perfusion line system had been found to be less than 100 msec for a step increase in outflow pressure.
Anehesia
Because of the artificial nature of the perfusion and isolation procedure, and the associated instability in the experimental preparation, in 13 animals a less complex method of perfusion was used. The right carotid artery was dissected in the neck and a polyethylene cannula, as large as possible, inserted through the vessel into the arch of the aorta. This cannula served as the inflow to the pump and outflow was passed via a metal cannula to the femoral artery of the test limb. This femoral artery had previously been dissected for a distance of 2 inches below the inguinal ligament and all exposed branches had been ligated.
The sympathetic trunk on the side of the test limb was exposed in the lumbar region by a retroperitoneal approach and all visible grey and white rami were divided. Bipolar platinum electrodes, 3 mm apart, were applied at approximately the level of the fourth lumbar vertebra and the trunk was crushed or divided proximally.
In order to ensure complete isolation of the hindlimb, in six experiments the spinal cord was divided in one or two interspaces between the 12th thoracic and 3rd lumbar vertebrae by passing a pointed scalpel blade through the intervertebral disc. In these experi ments the opposite sympathetic trunk was ablated at the level of the spinal transection.
In three experiments spinal anesthesia was produced immediately after the general anesthetic by the injection of 5 ml of cinchocaine HCL (Nupercaine, Ciba Ltd.) into the lumbar spinal theta followed by the posturing of the animal for 5 min in the head-up and then in the head-down position.
In Step-junction modulation. In 16 dogs step-function stimuli were obtained by delivering a train of impulses at a known rate of between 0.1 and 20 stimuli/set for a fixed duration sufficient in most cases to produce a maximal steady-state response.
An interval of 4-5 min was allowed between stimulation periods to permit full recovery of the preparation.
Systemic arterial pressure was measured through a polyethylene cannula inserted into the aorta either through the contralateral femoral artery or a carotid artery. Perfusion pressure in the hindlimb was measured through a T connector in the distal end of the perfusion line. Both pressures were recorded by electromanometers (Statham type P 23 Db), the outputs of which were applied directly to the galvanometers of a direct photographic recorder (CEC type 5 124). by an average factor of 1.4. The maximum response was reached at a stimulus-repetition rate of between 3 and 20 stimuli/set. For stimulation rates between 0.1 stimulus/set and that for the maximum response there was a direct relationship between the logarithm of the rate of stimulation and the percent of maximum increase of perfusion pressure over the control level (Fig. 1) . These data show that with a stimulation rate as low as 1.0 stimulus/set the average rise in perfusion pressure achieved was 55 % of the maximum response. At stimulus frequencies above that required for maximum response, the response frequently diminished in amplitude. At very low stimulation frequencies the response to individual stimuli could be discerned (Fig. 2) .
Form of Res/mse to Step-Function Stimulus
When a stimulus of constant frequency was applied to the sympathetic trunk, after a short interval the perfusion pressure rose to a plateau sometimes with a slight overshoot. On cessation of stimulation there was a short pause before the perfusion pressure fell to the control level sometimes overshooting this to a variable degree. The delay between the onset of stimulation and a detectable rise in perfusion pressure (on delay) varied between 0.2 and 2.0 set with a modal value of 0.5 sec. The shorter times were associated with higher frequencies of stimulation. repetition rates the initial gradient was less, and at rates in excess of 3.0 stimuli/set was greater than could be seen with a true exponential response (Fig. 3) . In three animals overshoot occurred. Assuming these curves to be exponential, the time constants varied between 3 and 15 set with a mean value of 9 sec. At higher stimulation rates this time constant was shorter than at lower rates (Fig. 3) .
After the cessation of stimulation the pressure in the limb remained the same or, if it had been rising at this time, continued to rise. This period (the off delay) lasted for 2-3 set at stimulation rates faster than 0,5 stimulus/set and longer at stimulation rates slower than 0.5 stimulus/set when it reached a maximum of 5 sec. Following this phase the pressure fell to the control level, sometimes with overshoot and further oscillations (Fig.  4) . When overshoot did not occur, the fall was approximately exponential and its time constant was slightly longer than that of the rise, varying from 7 to 16 set at stimulation rates of slower than 10 stimuli/set and slightly longer at faster rates; whereas at rates in excess of 20 stimuli/set, the time constant was prolonged up to 30 set in some experiments.
In those experiments in which overshoot occurred the rate of fall and extent of overshoot varied from experiment to experiment.
In addition, the overshoot was greatest when the rate of fall was fastest and both in- creased with increasing stimulus duration, reaching 30 % in some experiments (Fig. 5) . The overshoot and oscillation in perfusion pressure resemble the responses seen in a second-order physical system; and, as an approximation ignoring nonlinearity, the form of the response can be defined by a damping ratio and natural frequency. The damping ratio can be obtained from the ratio of overshoot to fall in perfusion pressure by the use of standard tables (7) and is charted on the ordinate of Fig. 5 along with the overshoot.
Knowing the value of the damping ratio and the time taken to reach the minimum, the natural frequency of the system can be derived (7). In our experiments this frequency varied from 0.060 to 0.025 cycle/set with a mean of 0.034 cycle/set.
Sine-function modulation. When the stimulation repetition rate was modulated sinusoidally over a narrow fixed range the perfusion pressure closely followed the sinusoidal modulation envelope; however, when the range of modulation was increased above 2 stimuli/set the pressure change became distorted, usually with a rise slower than the fall. At low modulation frequencies the correspondence between stimulus frequency and perfusion pressure was good but, as the modulation frequency was increased, the response waveform was relatively delayed, and usually smaller in amplitude (Fig.  6 ). These relationships are expressed in the form of a plot of amplitude and phase angle of the response VS. modulation frequency (Bode plot (7)) and an example is shown in Fig. 7 . The amplitude is expressed in decibels relative to the step-function response over the same stimulus range and was calculated from the formula: db = 20 log (A/B) in which db is the decibel value, A is the amplitude of oscillatory response to sine modulation, and B is the amplitude of step-function response over same stimulus-frequency range. The phase angle expressed in degrees is given by the formula: @ = 360 D/I, in which Q is the phase angle, D is the delay of perfusion-pressure waveform relative to modulation envelope, and I is the peak-to-peak interval of modulation envelope* As the modulation frequency was increased the amplitude of the response was maintained until, at a particular frequency, it began to decrease with increasing rapidity towards a rate of 20-40 db/decade. The intersection of the projection of this line and the O-db line determines the corner frequency, and in our experiments this ranged from 0.011 to 0.020 cycle/set with a mean of 0.017 cycle/set.
In three experiments a rise in amplitude of the response of 2-3 db occurred in the region of the corner frequency.
The phase lag increased to between 70" and 200" at the maximum modulation frequencies at which individual oscillations could be discerned. This phase lag can be regarded as being the sum of the 'on delay' and 'off delay' of the on and off responses and the times of the rising and falling phases. The phase lag of the on delay and off delay can be subtracted to give the phase lag due to the remaining components of the response (7 1) The response of the system is slow; apart from an initial on delay of approximately 0.5 set there is a long rise period, 9.0 set being required before 63 % of the maximum response is obtained (corresponding to the time constant). After cessation of the stimulation there is an off delay of approximately 2-5 set before the fall in resistance, which is slightly slower than the rise. This slowness of response is associated with limited frequency response of the system, as illustrated by the effect of sinusoidal forcing. Under these conditions, as the modulation frequency rises above the corner frequency of approximately 0.017 cycle/set, the response of the system falls off rapidly.
If nonlinearities are ignored the time constant of the step-function response and the corner frequency of the sine-function response can be related by the formula : f = l,&~, in which f cycle/set is the corner frequency and 7 set is the time constant of step-function response. For the average rise-time constant of 9 set the calculated corner frequency is 0.018 cycle/set which corresponds well with the frequency of 0.0 17 cycle/set obtained from the sinusoidal modulation experiments*
2) The presence of overshoot, in responses to a change in state, would indicate that the system has a discernable natural frequency. This is further illustrated by the rise in amplitude of the response at the corner frequency in three of the studies in which the input was sinusoidally modulated. This characterizes the system as at least a second-order system and this is supported by the approach of the phase lag (corrected for the on delay and off delay) towards 180" in most experiments. These experiments provide some insight into the mechanism of vasoconstriction in the peripheral vascular beds. The on delay, the gradual rise in resistance following the onset of stimulation, the off delay and the slow fall in resistance following cessation of stimulation can be explained by the release of norepinephrine from the nerve ending, its diffusion to the vascular muscle, and its subsequent effect.
However, such considerations do not explain the presence of overshoot. This overshoot following cessation of stimulation has been described as poststimulation hyperemia (6) and has features in common with reactive hyperemia (8). This phenomenon can best be explained by the presence of a control system in the skeletal muscle bed, which acts to maintain peripheral perfusion pressure constant. Such a mechanism when disturbed by the rise in perfusion pressure following sympathetic stimulation would tend to compensate by producing vasodilation in the resistance vessels of the bed, and this would be unmasked after the cessation of stimulation. This mechanism is similar to the feedback description of autoregulation suggested by Green (8) and our experiments indicate that the mechanism is slow in operation,
